Plasmodium falciparum erythrocyte-binding antigen 140 (EBA-140) plays a role in tight junction formation during parasite invasion of red blood cells and is a potential vaccine candidate for malaria. Individuals in areas where malaria is endemic possess EBA-140-specific antibodies, and individuals with high antibody titers to this protein have a lower rate of reinfection by parasites. The red blood cell binding segment of EBA-140 is comprised of two Duffy-binding-like domains, called F1 and F2, that together create region II. The sialic acid-binding pocket of F1 is essential for binding, whereas the sialic acid-binding pocket in F2 appears dispensable.
One such family of proteins is the erythrocyte binding-like (EBL) family of proteins that are involved in tight junction formation, including erythrocyte-binding antigen 140 (EBA-140) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , EBA-175 (15) (16) (17) (18) (19) (20) (21) (22) , EBA-181 (8, 10, (23) (24) (25) (26) , EBL1 (27) , and Duffy-binding protein (DBP) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . EBL family proteins share a similar domain structure ( Fig. 1 ) that includes a region II (RII), consisting of either a single or double Duffy binding-like (DBL) domain, regions RIII to RV, which include coiled-coil like repetitions, a cysteine-rich domain in region VI, a transmembrane domain, and a cytoplasmic domain (6, 7, 31, 34, 35, (39) (40) (41) . In all cases examined, RII comprises the minimal segment necessary to bind host cell receptors.
P. falciparum EBA-140 contains two DBL domains in region II, termed F1 and F2 (2-4, 6, 7) . The multimeric states of EBA-175 and DBP have profound effects on receptor binding (20, 34, 35) . In contrast, EBA-140 has only been observed as a monomer, and it is unclear if multimeric assembly occurs upon receptor binding (6, 7) . EBA-140 binds to glycophorin C on the surface of RBCs in a sialic acid-dependent manner (2, 3, (5) (6) (7) . Structural and functional studies have shown that both F1 and F2 harbor structurally conserved sialic acid-binding pockets (6, 7) . However, receptor binding appears to be dependent on sialic acid binding to F1, while the sialic acid-binding pocket in F2 appears to be dispensable (7) .
Antibodies to EBA-140 are correlated with acquired immunity and protection in individuals in regions where malaria is endemic (8, 9, 11, 14) . This acquired immunity is age and antibody response dependent (8, 9, 11, 14) . Individuals with higher antibody titers to EBA-140 show greater protection against infection than those with low titers (9) . IgG responses are higher for the RII domain of EBA-140 and EBA-175, although responses to RIII to RV are also correlated with protection (9, 14) . Polysera from individuals from different continents and countries show reactivity to EBA-140, suggesting EBA-140 is a conserved target of protective immunity and therefore a viable vaccine candidate (8, 9, 11, 13, 14) . Previous animal studies for EBA-140 have focused on the F2 domain of RII and the RIII to RV domains (10, 12) . However, immunization with the F2 domain resulted in minimal neutralization of parasites in culture (10) .
Here, we examine the neutralizing antibody response via immunization with RII, F1, and F2 of EBA-140, characterize the ability of individual monoclonal antibodies (MAbs) to neutralize parasites, and map the epitopes of antibodies with diverse neutralizing potential. We show that focusing the immune response to the F1 domain results in more effective neutralizing antibodies for blocking parasite growth. Immunization with the full-length RII reduces neutralizing antibody generation compared to that of F1 alone, potentially by diluting the immune response to target the F2 sialic acid-binding pocket. Finally, we find that immunodominant epitopes to nonfunctional regions exist in the F1 domain, sheltering the F1 sialic acid-binding pocket from the immune response.
RESULTS
Immunizing mice with RII-140 resulted in poorly neutralizing monoclonal antibodies that all map to the F2 domain. Three BALB/c mice were immunized with RII from EBA-140, and antibody titers were measured after three rounds of boosting. All three animals showed similar levels of reactivity to RII-140 (see Fig. S1A in the supplemental material). Splenocytes from mouse 2 were fused with a murine myeloma to generate hybridoma lines. Hybridomas secreting RII-140-specific antibodies were subcloned by limiting dilution to establish stable cell lines secreting unique antibodies, resulting in four monoclonal antibodies, which were further characterized.
We tested the four MAbs 1G6, 1B10, 4B7, and 4E7 for their ability to neutralize P. falciparum 3D7 and HB3 strains ( Fig. 2A ). 3D7 and HB3 represent two strains from distinct geographical locations and two of the five polymorphic groups for the RII domain of EBA-140. All four anti-RII-140 antibodies tested were only slightly neutralizing, 10% to 15%, on both 3D7 and HB3 culture growth ( Fig. 2A ), compared to the control antibody, an IgG against West Nile virus. This level of parasite growth neutralization by RII-140 antibodies is similar in range to that reported by others who examined EBA-140 antibodies (10) .
To determine the mechanism for minimal neutralization of parasite growth, we examined whether these antibodies preferentially mapped to particular domains in RII of EBA-140. A domain fragment enzyme-linked immunosorbent assay (ELISA) showed that all four antibodies bind to the F2 domain of RII-140 and full-length RII-140 but not to the F1 domain ( Fig. 2B ). F2 appears functionally dispensable for receptor binding, and it is plausible these antibodies show limited neutralization due to their domain specificity. Strikingly, no F1-specific MAbs were obtained by this immunization and hybridoma protocol, suggesting immunization with RII of EBA-140 dilutes the antibody response to the F2 domain.
Immunization with F1 generates a greater protective response than immunization with F2 or RII. To understand the immune response to individual regions of the receptor binding domain, we immunized mice with F1, F2, or RII, isolated the total IgGs from mouse polysera, and performed growth neutralization assays. Compared to the preimmune sera, purified IgGs from F1-immunized mice neutralized the growth of 3D7 and HB3 cultures by 35% and 40%, respectively ( Fig. 3 ). In contrast, sera from F2-140immunized mice neutralized growth by ϳ10%. The sera from RII-140-immunized mouse neutralized parasite growth by 20% on 3D7 and 30% on HB3. All immunizations showed a similar level of response to their respective antigens, indicating total IgG levels are similar and cannot account for the difference in neutralization ( Fig. S1B ). Together, the results indicate that immunization with F1 results in more potent neutralizing antibodies and that the addition of F2 in RII dilutes the antibody response toward nonneutralizing antibodies.
Monoclonal antibodies derived from F1-140-immunized mice are F1 specific and are more effective at neutralizing parasites. A hybridoma fusion with the spleen from an F1-140-immunized mouse and myeloma cells resulted in a total of seven F1-specific monoclonal antibodies. All seven MAbs (1E2, 2G10, 9G3, 3E3, 5G10, 7E6, and 9D3) recognized both the F1 domain and the intact RII of EBA-140 but not the F2 domain ( Fig. S2 ). To compare the effectiveness of F1-and F2-specific antibodies in parasite neutralization, we incubated 3D7 and HB3 cultures with 3 mg/ml of the control monoclonal antibody or the various domain-specific MAbs for two cycles. All the F1-specific MAbs neutralized parasite growth by 20 to 30% for both 3D7 and HB3 ( Fig.  4) , with the exception of 1E2, which showed preferential neutralization of HB3 over 3D7 (Fig. 4B) . In contrast, all the F2-specific MAbs neutralized parasite growth by 10% to 15% (Fig. 4A ). The F1-specific MAbs are significantly better at parasite neutralization than the F2-specific MAbs, with a 2-fold increase in neutralization (Table S1 ). Taken together, all F1-specific MAbs neutralized parasites to a greater extent than F2-specific MAbs.
HDX-MS revealed five distinct epitopes in the RII domain. We then turned to hydrogen deuterium exchange mass spectrometry (HDX-MS) experiments to determine the epitopes of F1-specific MAbs 1E2, 2G10, 9G3, 3E3, 5G10, 7E6, and 9D3 and the F2-specific MAb 4E7. With optimized conditions for HDX quenching and for liquid chromatography (LC) gradient separation (see Materials and Methods), we acquired 98% sequence coverage of RII ( Fig. S3 ) (a color gradient is shown in the figure legend for different levels of deuterium uptake). The deuterium uptake behavior is consistent with the secondary structure elements of RII ( Fig. S3 ), that is, structured regions show less HDX. We measured the extent of HDX in the presence or absence of the MAbs and displayed differences in the average HDX extent across all time points. This data processing revealed four distinct epitopes in F1 ( Fig. 5 and Table S2 ). The F1 MAb 9D3 had a distinct epitope, indicated by moderate protection for the region of residues 205 to 213, and pronounced protection from HDX in peptides covering the region of residues 184 to 189 and residues 214 to 226. A separate, distinct epitope in F1 was seen for MAb 7E6, with a marked difference in deuterium uptake for the region of residues 267 to 277. A third epitope in the F1 domain appears to be shared by MAbs 9G3 and 1E2. 9G3-bound F1 showed reduction in deuterium uptake for the region of residues 366 to 407, with the biggest difference in residues 380 to 396. Similarly, MAb 1E2 showed reduced deuterium uptake for the region of residues 374 to 407, with the biggest difference occurring in the same region as that with MAb 9G3 (residues 380 to 396). Finally, a fourth epitope in the F1 domain appeared to be shared by MAbs 2G10, 5G10, and 3E3. Modest protection revealed by HDX occurs in the regions of residues 328 to 351 and 352 to 361 for 2G10, with the biggest difference for the region of residues 408 to 420 (residues 409 to 418 showed the largest change for three peptides representing this region). 5G10 and 3E3 showed similar binding behavior with reduced HDX for regions of residues 327 to 336 and 408 to 420 compared to EBA-140 alone, with the greatest protection for the region of residues 409 to 418. (Table S1 ) were determined by one-way ANOVA with Dunnett's multiple-comparison tests. P values were Ͻ0.001 (***) and Ͻ0.05 (*) for comparisons made to the control. The extents of antibody inhibition for 3D7 and HB3 are 30% and 30% (5G10), 30% and 23% (7E6), 29% and 25% (9G3), 24% and 22% (9D3), 10% and 11% (1B10), 12% and 12% (1G6), 15% and 11% (4B7), and 13% and 13% (4E7), respectively. (B) Additional F1-specific MAbs (3 mg/ml) tested for neutralization of 3D7 and HB3 parasites. The extents of F1 antibody inhibition for 3D7 and HB3 are 26% and 30% (3E3), 28% and 24% (2G10), and 10% and 30% (1E2), respectively. Growth in all antibody-treated cultures (inclusive of control antibody culture) was normalized to that of PBS-treated cultures, since PBS was the vehicle for all antibodies. Significance was determined as described above. P values were Ͻ0.001 (***) and Ͻ0.05 (*) for comparisons made to the control.
Decoy Epitopes Dominate EBA-140 Antibody Response Infection and Immunity
Most other peptides identified in these experiments exhibited little or no difference in HDX upon complex formation with MAbs, as represented by peptide 278-290 ( Fig. 5 and Table S2 ). The HDX-MS mapping of the epitopes indicated that the epitopes were excluded from the F1 sialic acid-binding pocket. All of the F1 MAb epitopes are, in fact, distant from the binding pocket, and many were on the opposite face of the domain from the sialic acid-binding pocket.
In addition to the F1-specific MAbs, we also mapped the F2-specific MAb 4E7 by HDX-MS. The only region that showed protection upon binding by 4E7 comprised region of residues 551 to 564 ( Fig. 5 and Table S2 ). This epitope region overlaps one side of the F2 sialic acid-binding pocket. This result suggests that antibody binding to and blocking of the F2 sialic acid-binding pocket results in limited neutralization, emphasizing that the F2 sialic acid-binding pocket is dispensable for receptor binding (6, 7) . The F2 sialic acid-binding pocket is also targetable by the immune response, in contrast to the F1 sialic acid-binding pocket that appears sheltered from the antibody response.
RII mutants reveal the residues important for MAb binding in all five epitopes. On the basis of the epitopes determined by HDX-MS, we generated 16 mutants in RII ( Fig. S4 and Table S3 ). Fourteen of the mutants had residues in the F1 domain that were replaced with alanine, and two of the mutants had residues in the F2 domain replaced with alanine (Table S3 ). The mutants were numbered in order from the N terminus to the C terminus of RII. All RII mutant proteins expressed well and were properly folded, as evidenced by size exclusion chromatography and Coomassie-stained protein gels (Fig. S4) .
We tested all MAbs for binding to the 16 mutants by ELISA, normalized the results to those of binding to wild-type RII, and determined significance by using one-way analysis of variance (ANOVA). The F1-specific MAbs all showed loss of binding to one or more mutants with substitutions located in the F1 domain of RII. 9D3 showed loss of binding to mutants 1 and 2 (P Յ 0.0001) and to mutant 7 (P ϭ 0.0142) ( Fig. 6A and  C) . The substituted residues for mutants 1 and 2 are within the epitope region determined by HDX for 9D3, whereas the substituted residue in mutant 7 is distant from that determined by HDX. 7E6 showed loss of binding to mutants 4 and 5 (P Յ 0.0001) and to mutant 6 (P ϭ 0.0073) ( Fig. 6A and C) . All substitutions for mutants that showed loss of binding for 7E6 are within the HDX-MS identified epitope. 9G3 and 1E2 showed loss of binding to mutant 11 (P Յ 0.0001), and 1E2 also showed loss of binding to mutant 10 (P ϭ 0.0217) ( Fig. 6A and C) . All substitutions for mutants that Table S3 ). 1E2, mutant 10, P ϭ 0.0217; mutant 11, P Յ 0.001; 9G3, mutant 11, P Յ 0.001; 7E6, mutants 4 and 5, P Յ 0.001; mutant 6, P ϭ 0.0073; 5G10, mutants 7 and 14, P Յ 0.001; 2G10, mutant 7, P ϭ 0.0014; mutant 14, P Յ 0.001; 3E3, mutants 7 and 14, P Յ 0.001. (B) ELISA for MAbs 1B10, 1G6, 4E7, and 4B7 utilizing RII wild-type and mutant construct-coated plates (residues mutated are listed in Table S3 ). 1B10, no significant loss of binding; 1G6, 4B7, and 4E7, lane 16, P Յ 0.001. (C) Residues substituted for each mutant mapped on the structure of RII. Sialyllactose is represented by green sticks.
Decoy Epitopes Dominate EBA-140 Antibody Response Infection and Immunity showed loss of binding for 9G3 and 1E2 are within the HDX-MS epitope. 2G10, 5G10, and 3E3 all showed loss of binding to mutant 14 (P Յ 0.0001) ( Fig. 6A and C) . 2G10, 5G10, and 3E3 also showed a loss of binding to mutant 7 (P ϭ 0.0014, P Յ 0.0001, and P Յ 0.0001, respectively) ( Fig. 6A and C) . All residue substitutions that showed loss of binding for 2G10, 5G10, and 3E3 are within the epitope region identified by HDX-MS. We also tested the F2-specific MAbs for loss of binding to mutants by ELISA. Although only 4E7 was mapped by HDX-MS, the ELISAs revealed that 4E7, 4B7, and 1G6 all share an epitope. 4E7, 4B7, and 1G6 all showed a loss of binding to mutant 16 (P Յ 0.0001) for all three MAbs (Fig. 6B and C) . The mutant that showed loss of binding for 4E7 has a substitution within the epitope determined by HDX-MS. This epitope is highly immunogenic, as 75% of the MAbs derived from this immunization target these residues of the F2-binding pocket. The F2-specific MAb 1B10 was also tested for binding to all mutants and showed no significant loss of binding to any mutant ( Fig. 6B and C) .
DISCUSSION
The EBA family of proteins is under selective pressure to evade the immune system. This selective pressure results in decoy epitopes that prevent targeting of functional regions of the receptor binding domains and the emergence of polymorphisms. Decoy epitopes are immunodominant and found in nonfunctional regions of proteins. Antibodies that bind to the functionally important regions are more neutralizing than those binding to nonfunctional regions. One example of this phenomenon is the pair of MAbs (R217 and R218) derived from an immunization with the RII domain of the related EBL family protein EBA-175. MAb R217 targets the dimer interface and receptor binding pocket of RII-175 and has a 50% inhibitory concentration (IC 50 ) of 10 to 100 g/ml; MAb R218 targets a nonfunctional region of RII-175 and has an IC 50 of Ͼ1 mg/ml (42) . Similarly, this work shows that immunizing with the whole RII domain of EBA-140 results in the isolation of four F2-specific MAbs with limited (10% to 15%) parasite neutralization activity and no F1-specific MAbs (Fig. 2) . Three of the F2-specific MAbs (4E7, 4B7, and 1G6) target the receptor-binding pocket of the F2 domain ( Fig. 4 , 5, and 7), demonstrating that this binding pocket is dispensable for parasite viability. The fact that most F2-specific antibodies bind to a single epitope with little neutralizing ability suggests that this epitope is a decoy in the RII domain.
Immunization with the F1 domain alone resulted in isolation of antibodies that are 2-fold more neutralizing than the F2-specific MAbs at 3 mg/ml (Fig. 4 ). This concentration reflects the fact that laboratory strains have adapted to be less dependent on glycophorin C for invasion than field strains (43) . It is anticipated that the concentration of EBA-140 MAbs required to neutralize field strains will be lower, as field strains showed a greater range of dependence on glycophorin C for invasion than laboratoryadapted strains, up to a 47% reduction of invasion for field strains in glycophorin C knockdown RBCs compared to the 0% to 10% reduction seen in laboratory strains (43) . In addition to EBA-140, the merozoite antigens EBA-175 (42, 44, 45) , AMA-1 (46-51), RON2 (52), and RH5 (53) (54) (55) (56) all have demonstrated the ability to elicit antibodies that potently neutralize growth in vitro. The concentrations of EBA-140 antibodies required here for neutralization are higher than those reported for some of these alternative antigens, and this is likely due to immunization with EBA-140 eliciting antibodies to nonneutralizing or moderately neutralizing epitopes away from the sialic acid-binding pocket of the F1 domain. Although the F1 immunization produced antibodies with greater neutralizing potential, it still failed to produce an antibody that targets the F1 receptor-binding pocket ( Fig. 5 and 7) . The results from HDX-MS and ELISAs of mutated proteins located the epitopes of the seven F1-specific antibodies to regions that excluded the F1 receptor-binding pocket (Fig. 7) . All epitopes mapped were on the opposite face of F1 from the sialic acid-binding pocket. HDX-MS and mutant ELISA mapping also revealed that the two most distant epitopes from the F1 sialic acidbinding pocket are also the two most immunodominant epitopes in the F1 domain, as evidenced by three MAbs targeting one epitope and two MAbs targeting the other epitope ( Fig. 5 and 7) .
In addition to decoy epitopes, EBA-140 contains four polymorphisms located in the F1 domain of RII. In contrast, EBA-175 contains 14 polymorphisms in both DBL domains that comprise its RII domain. The lack of polymorphisms in the F2 domain of EBA-140 may be due to the minimal role F2 plays in receptor binding and may be a mechanism by which the parasite attempts to evade the immune system. The development of polymorphisms as a method for immune evasion has been shown for the related EBA family DBP of Plasmodium vivax (57, 58) . Surprisingly, all of the epitopes determined by mutant ELISA exclude the four known polymorphisms in the F1 domain. Although the MAbs from the F1 immunization are only 20% to 30% neutralizing in culture, they are broadly neutralizing because of the exclusion of the polymorphisms from the epitopes.
Previous animal immunization studies and analysis of patient antibody response against EBA-140 focused on the F2 domain of RII-140. Total IgG purified from rabbits immunized with F2 resulted in a 17.6% neutralization of parasite growth, which is similar to the 15% maximum neutralization observed here with F2-specific MAbs (10) . Immunization with the functional F1 domain described here results in a 2-fold increase in neutralization of parasite growth. In contrast, immunization of rabbits with regions III to V of EBA-140 resulted in a 50% to 80% neutralization of parasites. This neutralization, however, was strain specific, as demonstrated by a greater than 6-fold difference in IC 50 for the diverse Plasmodium strains tested (12) . Immunization with F1 here showed little difference in neutralization of the Plasmodium strains tested, likely due to the exclusion of polymorphisms from the epitopes defined, in contrast to the strain specificity seen for immunization with regions III to V.
The current paradigm in the field is to immunize with either whole proteins or domains for vaccine candidates. We have shown that this type of immunization results in an antibody response that is skewed toward antibodies targeting nonfunctional immunodominant epitopes in Plasmodium antigens. Our study here showed that even within functional domains, functional regions were protected from that antibody response. By combining immunization studies with structural and functional data, more effective vaccines can be rationally designed to produce the greatest protection against pathogens by immunizing with only functional regions of the antigens. This study shows that targeting a functional domain increases the neutralization seen both in polysera and in MAb on parasites. While we were able to produce neutralizing antibodies to the F1 domain, immunodominant epitopes within this domain draw the antibody response away from the receptor-binding pocket. These results suggest the functionally important F1 sialic acid-binding pocket is immunologically privileged and protected from antibody recognition. By using the epitopes defined in this study along with structural data, it may be possible to design a better antigen that targets the F1 receptor-binding pocket. Focusing the immune response away from the immunodominant epitopes in F1 and toward the sialic acid-binding pocket through immunogen engineering may lead to novel EBA-140-based immunogens that improve the protective antibody response.
MATERIALS AND METHODS
Recombinant protein expression and purification. RII-140 was expressed and purified as described previously (6, 7) . Briefly, the recombinant proteins were expressed as insoluble proteins in Escherichia coli and refolded by rapid dilution in 400 mM L-arginine, 50 mM Tris, pH 8.0, 10 mM ethylenediaminetetraacetic acid, 0.1 mM phenylmethanesulfonyl fluoride, 2 mM reduced glutathione, and 0.2 mM oxidized glutathione and refolded for 48 h at 4°C. The refolded protein was purified by ion exchange resin and gel filtration using a HiLoad Superdex 200 16/60 column (GE Healthcare) and phosphate-buffered saline (PBS). F1, F2, and RII mutants were expressed and purified as described above for RII-140.
Immunization of mice. The Hybridoma Center at the Washington University School of Medicine provided experimental support in accordance with the Washington University Institutional Animal Care and Use Committee (IACUC) protocol number 20160232. Three BALB/c mice were each immunized with 10 g of antigen. For the first round with RII-140, mice were boosted with additional antigen twice intravenously on days 22 and 44 and once intraperitoneally on day 70 prior to fusion. For the second round of immunization with RII-140, F1-140, or F2-140, boostings were done on days 16 and 34 and prefusion boost was on day 81. Polyserum from each mouse was tested by ELISA for reactivity toward its specific antigen. The ELISA plates were coated with 0.02 mg/ml antigen overnight at 4°C and blocked with 2% bovine serum albumin in PBS with 0.05% Tween 20 for 1 h at room temperature. A 10-fold serial dilution series of polysera was added to the plates and incubated for 1 h at room temperature. An anti-mouse IgG secondary antibody conjugated to horseradish peroxidase (HRP; Jackson ImmunoResearch) was then added to plates at a 1:5,000 dilution and incubated for 1 h at room temperature. Plates were developed using TMB substrate (Sigma), and the absorbance at 450 nm was measured with a BMG POLARStar plate reader. At day 73 or 85, the mice were sacrificed and terminal bleeds collected, along with the spleens, for later use in generation of monoclonal antibodies.
Generation of monoclonal antibodies. For those mice immunized with either RII-140 or F1-140, the spleen from mouse with the highest reactivity to antigen was used for the generation of monoclonal antibodies. B cells from the mice were fused with myeloma cells to generate hybridoma cell lines. Two rounds of screening on the polyclonal cell lines were done to analyze reactivity toward their respective antigen by ELISA. The ELISA plates were coated and blocked as described above. Supernatant from the polyclonal cell lines was then added to the plates and incubated for 1 h at room temperature. An anti-mouse IgG-HRP secondary antibody was added, and absorbance at 450 nm was measured. Those lines with reactivity of Ն0.5 arbitrary units (AU) were chosen for subcloning. These lines were plated by limited dilution at 100 cells/well, 10 cells/well, and 1 cell/well and allowed to reach confluence, at which time the supernatants from each well were tested for reactivity by ELISA as described above. For each cell line, wells that initially contained 1 cell/well and retained reactivity toward antigen were chosen for an additional round of subcloning, as described above. After two rounds of subcloning, the individual hybridoma cell lines were declared monoclonal. At this point, each line was isotyped, expanded, and put into production flasks (Cell Line 1000 flasks; ThermoFisher Scientific) for antibody expression and purification.
Purification of IgGs from polysera and monoclonal IgG from hybridoma lines. Preimmune sera or pooled sera from the same animal collected at days 9, 28, and 41 were diluted 1:1.5 (vol/vol) with IgG binding buffer (ThermoFisher Pierce) and incubated with a 0.5-ml bed volume of protein A resin (Goldbio Technologies) for 30 min at room temperature. The resin was washed 3 times with 3 ml of IgG binding buffer, and the IgGs were eluted with 2 ml of IgG elution buffer (ThermoFisher Pierce). The eluted IgGs were buffer exchanged 3 times with PBS by using Amicon spin concentrators (10-kDa-molecular-mass cutoff), filter sterilized, and added to parasite cultures at 10 mg/ml.
For monoclonal antibody purification, supernatant from monoclonal hybridoma cell lines was diluted 1:3 with IgG binding buffer and passed over a 3-ml-bed-volume protein A resin column. The resin was washed with 15 ml of IgG binding buffer. IgG was eluted from the column using 15 ml of IgG elution buffer into 15 ml of PBS. The eluted antibody was buffer exchanged 3 times with PBS using Amicon spin concentrators with a molecular mass cutoff of 10 kDa. For those experiments using parasite cultures, the antibody was filter sterilized after buffer exchanging into PBS.
Domain fragment mapping by ELISA. For monoclonal antibody domain mapping, the ELISA plates were coated with antigen and blocked. A solution of 250 ng/ml of each monoclonal antibody in PBS was then added to the plates and incubated for 1 h at room temperature. An anti-mouse IgG secondary antibody conjugated to Alexa Fluor 488 (Life Technologies) was then added to plates at a 1:1,000 dilution and incubated for 1 h at room temperature. Fluorescence (in AU) was measured with a BMG POLARStar plate reader. For antibody 1B10 not recognized by the Alexa Fluor-conjugated antibody, an anti-mouse IgG secondary antibody conjugated to HRP was added to plates at a 1:5,000 dilution, incubated for 1 h at room temperature, and developed using TMB substrate. Absorbance at 450 nm was measured with a BMG POLARStar plate reader.
Parasite neutralization assay. The P. falciparum strains 3D7 and HB3 cultured in human O ϩ RBCs in RPMI 1640 medium with 0.5% AlbuMAX were synchronized with successive rounds of 5% sorbitol treatment, as described previously (59) . Schizont-stage parasites enriched with magnetic bead columns (MACSQuant columns; Miltenyi Biotec) were mixed with fresh RBCs to adjust the parasitemia to 0.1% to 0.5% at the start of the invasion assay. The cultures at 2% hematocrit (100 l/well, triplicate wells per condition) were then incubated in the absence or presence of 3 mg/ml of various EBA-140 monoclonal antibodies or isotype-matched control monoclonal antibodies (anti-West Nile virus and anti-P. vivax CelTOS 8C4) for two rounds of invasion. Giemsa-stained thin smears were then prepared from each well, and 10 random field images per smear were acquired using a Zeiss Axioskop microscope equipped with a 100ϫ oil immersion lens (1.3 numerical aperture [NA]) and an AxioCam MRm camera with AxioVision v3.1 software (Carl Zeiss). The number of infected erythrocytes in each image was visually counted, and the total erythrocytes in each image were analyzed using Volocity 6.3 cellular imaging software (Perkin Elmer). Parasitemia was calculated as infected erythrocytes divided by the total number of erythrocytes per field. Parasite growth in antibody-treated cultures was normalized to that of nontreated cultures. All data groups were subjected to normality testing, followed by one-way ANOVA. Bonferroni's multiplecomparison test was used to analyze the significance level between control and antibody-treated groups.
HDX-MS. Continuous HDX labeling of P. falciparum EBA-140 (PfEBA-140) was at 25°C for 0, 10, 30, 60, 120, 900, and 3,600 s, as previously described but with modifications (60) . Briefly, stock solutions of PfEBA-140 with or without the antibodies were prepared in 1ϫ PBS, pH 7.4, and incubated on ice for 1 h. Continuous HDX was initiated by diluting stock samples 25-fold in D 2 O and 1ϫ PBS buffer. Quenching and LC-MS analysis were as previously described (60) , except the peptic fragments were separated with a 15-min gradient of 5% to 100% acetonitrile in 0.1% formic acid at 100 l/min. The linear part of the gradient from 0.3 min to 11 min raised the acetonitrile content from 10% to 50%. Duplicate measurements were taken at each time point. Acquired spectra were searched using HDX workbench (61) . Peptic peptides were identified in a data-dependent mode on a Thermo LTQ-FT mass spectrometer (Waltham, MA) by submitting product-ion spectra from MassMatrix (version 2.4.2) for identification (62), followed by manual validation for HDX runs. The HDX was adjusted for 96% D 2 O. Deuterium oxide was from Cambridge Isotope Laboratories (Tewksbury, MA); other reagents and proteases were from Sigma-Aldrich (St. Louis, MO).
RII mutant ELISAs. The ELISA plates were coated with antigen and blocked as described above. A solution of 250 ng/ml of each monoclonal antibody in PBS was added to the plates and incubated for 1 h at room temperature. An anti-mouse IgG secondary antibody conjugated to HRP was added to plates at a 1:5,000 dilution, incubated for 1 h at room temperature, and developed using TMB substrate. Absorbance at 450 nm was measured with a BMG POLARStar plate reader.
Data availability. All epitopes have been deposited in the IEDB under reference ID 1034379.
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